Visual and somatosensory cortices exhibit profound experience-dependent plasticity during development and adulthood and are common model systems for probing the synaptic and molecular mechanisms of plasticity. However, comparisons between the two areas may be confounded by a lack of accurate information on their relative rates of development. In this study, we used whole-cell recording in acute brain slices to study synaptic development in mouse barrel and visual cortex. We found that short-term plasticity (STP) switched from strong depression at postnatal day (P)12 to weaker depression and facilitation in mature cortex. However, presynaptic maturation was delayed by ϳ2 weeks at layer (L)4 to L2/3 excitatory synapses in visual cortex relative to barrel cortex. This developmental delay was pathway-specific; maturation of L2/3 to L2/3 synapses occurred over similar timescales in barrel and visual cortex. The developmental increase in the paired-pulse ratio to values greater than unity was mirrored by a developmental decrease in presynaptic release probability. Therefore, L4 to L2/3 excitatory synapses had lower release probabilities and showed greater short-term facilitation in barrel cortex than in visual cortex at P28. Postsynaptic mechanisms could not account for the delayed maturation of STP in visual cortex. These findings indicate that synaptic development is delayed in the L4 to L2/3 pathway in visual cortex, and emphasize the need to take into account the changes in synaptic properties that occur during development when comparing plasticity mechanisms in different cortical areas.
Introduction
Critical period plasticity has been studied intensively in sensory cortex in an effort to understand the molecular and structural mechanisms underlying experience-dependent changes in cortical maps. The visual cortex and the barrel cortex are arguably the two most prominent model systems for understanding experiencedependent plasticity (Fox and Wong, 2005) . Individual labs tend to work on one or other of these sensory systems. Nevertheless, researchers often seek to compare results across cortical areas to identify common principles of cortical function or development. Such comparisons can, however, lead to ambiguous conclusions, as differences between cortical areas could arise either because the mechanisms involved differ per se, or because the two areas are at different developmental stages at the same age. For example, the critical period for layer (L)4 occurs at different ages in rodent barrel and visual cortex (Woolsey and Wann, 1976; Gordon and Stryker, 1996; Stern et al., 2001) . It therefore seems a reasonable hypothesis that the visual and somatosensory cortices develop either at different rates or at different ages.
We sought to test this idea using the excitatory L4 to L2/3 pathway as a test case. This pathway has been implicated as being important for plasticity in the visual and somatosensory systems (Kirkwood et al., 1993; Glazewski and Fox, 1996; Allen et al., 2003; Crozier et al., 2007) and represents a major early intracortical pathway for transmission of information out of L4. We measured short-term plasticity (STP), which plays an important role in cortical information processing (Tsodyks and Markram, 1997; Abbott and Regehr, 2004) , to study the postnatal development of synaptic transmission from postnatal day (P)12 to adulthood.
We show that maturation of STP at L4 to L2/3 excitatory synapses occurs ϳ2 weeks later in visual cortex than in barrel cortex. Maturation involves an increase in paired-pulse ratio (PPR) and steady-state amplitude in both cortical areas, and STP converges to similar values in adult barrel and visual cortex. Developmental changes in STP are mirrored by changes in presynaptic initial release probability. Brain slice preparation. Mice were killed by cervical dislocation and decapitated, and brains were rapidly removed and placed in ice-cold dissection buffer (in mM: 108 choline-Cl, 3 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 D-glucose, 3 Na-pyruvate, 1 CaCl 2 , 6 MgSO 4 , 285 mOsm) bubbled with 95% O 2 /5% CO 2 . Coronal slices (400 m thick) were cut using a VT1000S microtome (Leica Microsystems). Brain slices were incubated in artificial CSF (ACSF; in mM: 119 NaCl, 3.5 KCl, 1 NaH 2 PO 4 , 10 D-glucose, 2 CaCl 2 , 1 MgSO 4, 300 mOsm) bubbled with 95% O 2 /5% CO 2 , at 32°C for 45 min, then at room temperature until recording. Recordings were made in barrel and visual cortex slices from the same mice on the same days.
Materials and Methods

Animals
Whole-cell recording. Slices containing either primary visual cortex or a continuous band of barrels were identified under bright-field transillumination using an Olympus BX50WI microscope. Recordings in visual cortex were targeted to the binocular zone using anatomical landmarks as a guide (Franklin and Paxinos, 2008 (Williams and Mitchell, 2008) could alter STP.
A tungsten monopolar extracellular stimulating electrode (0.5 M⍀) was positioned either vertically above the recorded neuron in L4 or in L2/3 of the adjacent barrel column or the equivalent distance separation within visual cortex. The distance between stimulating and recording electrodes in L2/3 differed between age groups but not between cortical areas (234 Ϯ 12 m at P12; 291 Ϯ 18 m at P28; p ϭ 0.004 for effect of age, p Ͼ 0.05 for effect of cortical area, two-way ANOVA). Paired recordings were not feasible due to the low connectivity of long-range intracortical pathways. Extracellular stimuli consisted of 1 ms current pulses with stimulation intensity (0.8 -4.0 V) set to produce a 3-6 mV monosynaptic EPSP in the postsynaptic neuron. Peaks of monosynaptic EPSPs were within 5 ms of stimulus onset. Access resistance and pipette capacitance were compensated and data were amplified (Multiclamp 700B; Molecular Devices). Postsynaptic responses were low-pass filtered at 6 kHz, digitized at 10 -20 kHz and recorded using Signal v1.85/v4.01 (Cambridge Electronic Devices). The relationship between stimulus voltage and evoked EPSP amplitude was very similar at different ages and between cortical areas (supplemental Table 1 , available at www.jneurosci. org as supplemental material). Input-output curves were not performed because the high stimulus intensities required to generate them resulted in significant polysynaptic activation for P12 neurons even in highdivalent ACSF (4 mM CaCl 2 and 4 mM MgSO 4 ).
STP. Neurons were stimulated with Ն20 trains of eight pulses (Master8; AMPI) delivered at 20 Hz, with 15 s between trials. NMDA receptor (NMDAR)-mediated transmission was blocked by bath application of 50 M D-AP5, and AMPA receptor (AMPAR) desensitization by bath application of 50 M cyclothiazide and 80
Tocris Bioscience). Inhibition onto L2/3 pyramidal neurons was blocked by inclusion of 1 mM picrotoxin in the pipette internal solution, allowing 15 min equilibration time before data acquisition.
Monosynaptic EPSP amplitudes were measured using Signal, as the voltage difference between baseline (before response onset) and peak membrane potentials. Initial analysis comparing STP measurements based on EPSP amplitude and EPSP slope showed no differences (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Therefore STP was assessed by calculating the PPR (EPSP2/ EPSP1 amplitude ratio) and the normalized steady-state amplitude (mean EPSP7-EPSP8 amplitude normalized to EPSP1 amplitude) for each neuron.
Rate of use-dependent blockade of NMDARs by MK-801. NMDARmediated responses were isolated in Mg
2ϩ -free ACSF containing 20 M CNQX (6-cyano-7-nitroquinoxaline-2,3-dione). Single presynaptic stimuli were delivered at 0.1 Hz. Stable baseline responses (ϳ5 mV) were recorded before MK-801 application. Stimulation was halted for 10 min during 10 M MK-801 wash-on, then resumed at 0.1 Hz. Response amplitudes to successive stimuli were normalized to the first response after MK-801 application. Response curves were fitted with double exponential functions.
Measurement of evoked responses in strontium. Recordings were made in Ca 2ϩ -free ACSF containing 4 mM MgSO 4 and 4 mM SrCl 2 . L4 axons were stimulated at 0.01 Hz, with stimulus intensity set to evoke initial synchronous EPSPs of ϳ2 mV. Evoked EPSPs in strontium (Sr-EPSPs) that occurred 150 -350 ms after stimulus onset were identified and measured manually using Signal; this time window minimized contamination either by the decay phase of the initial synchronous EPSP or by spontaneous EPSPs. At least 60 Sr-EPSPs per cell were measured.
Statistics. Data are shown as mean Ϯ SEM, except for STP data in Figures 1, C and D, and 2 B, which are shown as mean values for clarity. Data that passed tests for normality and equal variance were analyzed with parametric statistical tests; nonparametric tests were used for other analyses. All tests were two tailed with ␣ ϭ 0.05. 21 for other pairwise comparisons of successive age groups; two-way ANOVA with Bonferroni correction of responses to stimuli 2-8 ( p Ͻ 0.001 for age and stimulus number). D, Maturation of STP in visual cortex. p ϭ 0.013 for P12 versus P28, p Ͻ 0.001 for P28 versus P42, p ϭ 1.00 for other pairwise comparisons of successive age groups; two-way ANOVA as in C ( p Ͻ 0.001 for age and stimulus number). E, Change in PPR with age in barrel cortex and visual cortex. *p ϭ 0.046, P28 barrel cortex versus visual cortex, t test. F, Change in normalized steady-state amplitude with age in barrel cortex and visual cortex. p ϭ 0.24, P28 barrel cortex versus visual cortex, t test.
Results
Maturation of STP at L4 to L2/3 excitatory synapses is delayed in visual cortex relative to barrel cortex
To investigate developmental changes in STP at L4 to L2/3 excitatory synapses in barrel and visual cortex, we made wholecell voltage recordings of L2/3 pyramidal neurons at 35-37°C in acute brain slices. Axons in L4 were stimulated with eightpulse trains at 20 Hz (Fig. 1 A, B) . At P12, EPSPs depressed throughout the stimulus train in both cortical areas (Fig. 1C,D) . In barrel cortex, the pattern of STP changed significantly between P12 and P28 (Fig.  1C) , exhibiting developmental increases in both PPR ( p ϭ 0.045, Mann-Whitney rank sum test) and steady-state amplitude ( p Ͻ 0.001, t test) (Fig. 1 E) . Mean response profiles were very similar at P28, P60, and P125 (Fig. 1C) , indicating that STP at L4 to L2/3 excitatory synapses is largely mature by P28 in barrel cortex.
In contrast, in visual cortex there was no significant change in PPR ( p ϭ 0.73, t test) or steady-state amplitude ( p ϭ 0.16, t test) between P12 and P28 ( Fig. 1 D-F ) . Therefore, PPR was significantly larger in barrel cortex than in visual cortex at P28 ( p ϭ 0.046, t test), although steady-state amplitudes in the two areas were not significantly different ( p ϭ 0.24, t test). However, PPR increased dramatically between P28 and P42 in visual cortex ( p ϭ 0.024, t test) and steady-state amplitude also increased to a value similar to that seen in mature barrel cortex. The mean response profile was very similar in the P42, P60, and P125 groups, indicating that STP is mature in visual cortex by P42; this mature pattern of STP was also very similar to that seen in mature barrel cortex (Fig. 1C-F ) . In summary, maturation of STP at L4 to L2/3 excitatory synapses occurs ϳ2 weeks later in visual cortex than in barrel cortex.
Time course of maturation of STP at horizontal L2/3 to L2/3 excitatory synapses is similar in barrel and visual cortex We next investigated whether delayed maturation of STP is a general property of excitatory inputs to L2/3 pyramidal neurons by studying their long-range horizontal inputs (Fig. 2 A) . There was a marked change in the mean response profile in both cortical areas between P12 and P28 (Fig. 2 B) . Both PPR and steady-state amplitude increased significantly between P12 and P28, but there was no difference in either parameter between barrel and visual cortex at either age (Fig. 2C,D) . Therefore, delayed maturation of STP in visual cortex is specific to the L4 to L2/3 pathway.
Developmental changes in initial presynaptic release probability mirror developmental changes in PPR We next investigated presynaptic release probability at L4 to L2/3 excitatory synapses in barrel and visual cortex during the first postnatal month, using the rate of use-dependent blockade of NMDARs by the irreversible open-channel blocker MK-801 (Hessler et al., 1993; Rosenmund et al., 1993) (Fig. 3A) . This measure is directly related to initial release probability, as channel blockade is dependent on channel opening, which is in turn dependent on neurotransmitter release and binding. Usedependent blockade occurred at similar rates in barrel and visual cortex at P12 (Fig. 3B) , but was significantly faster in visual cortex than in barrel cortex at P28 (Fig. 3C) . The rate of use-dependent blockade decreased significantly between P12 and P28 in barrel cortex ( p Ͻ 0.001 for effect of age, two-way ANOVA), but not in visual cortex ( p ϭ 0.20 for effect of age, two-way ANOVA) (Fig.  3D ). Developmental changes in NMDAR subunit composition could not explain the different rates of use-dependent blockade in barrel and visual cortex at P28 (supplemental Fig. 2 and supplemental Discussion, available at www.jneurosci.org as supplemental material). Our data therefore show a developmental decrease in presynaptic release probability between P12 and P28 in barrel cortex, which is absent in visual cortex.
Postsynaptic mechanisms and inhibition do not contribute to the difference in STP in barrel and visual cortex at P28
We found no evidence that mechanisms other than presynaptic function contributed to the difference in STP in barrel and visual cortex at P28. Blocking AMPAR desensitization (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material) or NMDAR-mediated transmission or inhibition (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material) had no effect on STP. The postsynaptic response amplitude of L4 to L2/3 synapses, determined by recording EPSPs in the presence of extracellular strontium, which causes asynchronous presynaptic release, decreased significantly between P12 and P28 in both barrel and visual cortex (supplemental Fig. 5 , available at www. jneurosci.org as supplemental material). Sr-EPSP amplitude was similar in barrel and visual cortex at P12, but was slightly larger in visual cortex than in barrel cortex at P28. There were also no differences in the resting membrane potential (barrel, Ϫ75 Ϯ 1 mV; visual, Ϫ75 Ϯ 1 mV; p ϭ 0.62, t test) or input resistance (barrel, 42 Ϯ 3 M⍀; visual, 46 Ϯ 3 M⍀; p ϭ 0.39, t test) of L2/3 pyramidal neurons in barrel and visual cortex at P28 (n ϭ 27 per group).
Discussion
Timing of presynaptic maturation in barrel and visual cortex
The main finding of this study is a pathway-specific delay in presynaptic maturation at excitatory L4 to L2/3 synapses in visual cortex relative to barrel cortex. Developmental changes in STP have not previously been studied at L4 or long-range L2/3 inputs to L2/3 pyramidal neurons, or indeed in any other intracortical pathway in visual cortex. However, maturation of STP at several other excitatory intracortical connections in barrel cortex, and at local excitatory connections in L2/3 of auditory cortex, also occurs during the third and fourth postnatal weeks (Reyes and Sakmann, 1999; Frick et al., 2007; Oswald and Reyes, 2008; Feldmeyer and Radnikow, 2009 ). Delayed presynaptic maturation therefore appears to be specific to L4 to L2/3 synapses in visual cortex. The L4 to L2/3 pathway is the first step in intracortical information flow, is strictly feedforward, and provides the most powerful source of excitatory input to L2/3 pyramidal neurons (Chisum and Fitzpatrick, 2004) , all of which make it an ideal control point for the spread of cortical excitation. Moreover, this pathway is known to play an important role in experiencedependent plasticity in both barrel and visual cortex (Kirkwood et al., 1993; Glazewski and Fox, 1996; Allen et al., 2003; Crozier et al., 2007) .
The pattern of STP at L4 to L2/3 synapses in barrel cortex at P12 that we found was very similar to that observed with paired recordings of L4 to L2/3 connections at P17-P23 (Feldmeyer et al., 2002) , which may suggest that in barrel cortex, developmental changes in STP occur primarily during the third postnatal week in this pathway. At local L2/3 connections in barrel cortex, one paired recording study performed at near-physiological temperatures (Reyes and Sakmann, 1999) found facilitation similar to our results at long-range connections in L2/3, whereas another performed at room temperature (Atzori et al., 2001 ) described strong depression. The most likely explanation for this discrepancy is the difference in recording temperature between studies (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material) (Klyachko and Stevens, 2006) .
Mechanisms underlying maturation of STP
Previous studies have shown an inverse relationship between initial release probability and PPR (Dobrunz and Stevens, 1997; Tsodyks and Markram, 1997; Murthy et al., 2001; Zucker and Regehr, 2002) . Experience-dependent increases in short-term depression have also been linked to increased synaptic strength, defined as the proportion of available synaptic resources used to generate an EPSP (Finnerty et al., 1999) . Our data strongly link developmental changes in PPR to initial release probability. However, developmental changes in steady-state amplitude were less closely related to release probability.
STP is not a unitary process; both facilitation and depression contribute over a timescale of hundreds of milliseconds (Dobrunz and Stevens, 1997; Zucker and Regehr, 2002) and often coexist even at individual synapses (Markram et al., 1998a; Abbott and Regehr, 2004) . Facilitation, which depends on accumulation of residual calcium in the presynaptic terminal and cooperative calcium binding to synaptotagmins, and therefore is linked to release probability (Zucker and Regehr, 2002) , is likely to have its strongest effect on PPR (Fig. 1C,D) . Therefore, maturation of presynaptic calcium buffering and vesicle-release machinery (Atwood and Karunanithi, 2002) probably underlies developmental changes in PPR.
In contrast, steady-state amplitude is probably determined primarily by depression. Vesicle depletion-mediated depression would be expected to occur faster at high-release-probability synapses (Dobrunz and Stevens, 1997) . However, the size of vesicle pools, vesicle-recycling mechanisms, and recovery from releasesite refractoriness, all of which contribute to depression and therefore to steady-state amplitude, and all of which are developmentally regulated, are independent of release probability (Thomson, 2000; Zucker and Regehr, 2002; Feldmeyer and Radnikow, 2009) . The involvement of these distinct mechanisms can therefore explain the weaker relationship between initial release probability and steady-state amplitude.
Comparison of plasticity studies in barrel and visual cortex in the context of developmental timing
We have identified a clear delay in the maturation of presynaptic function in visual cortex, which may explain apparent discrepancies in the literature when comparing visual and somatosensory cortex. One such inconsistency concerns endocannabinoid (eCB)-dependent cortical plasticity. Experience-dependent plasticity in L2/3 of barrel cortex in vivo is blocked by treatment with the eCB antagonist AM251 at P13-P16, but not P26 -P30 (Li et al., 2009) . In contrast, AM251 treatment at up to P31 prevented ocular dominance shifts in L2/3 of visual cortex (Liu et al., 2008) . A similar pattern is seen for eCB-dependent long-term depression (eCB-LTD), which is expressed presynaptically: eCB-LTD at L4 to L2/3 synapses is only present in barrel cortex up to ϳP20 (Bender et al., 2006; Hardingham et al., 2008) , whereas it persists at least until P28 in visual cortex (Crozier et al., 2007) . Differences in LTD-induction protocols between studies could explain the eCB-LTD data. However, our findings suggest that the reason for these discrepancies is that synapses in barrel and visual cortex are at different developmental stages at the same age.
Apparent differences in experience-dependent changes in NMDAR subunit composition between visual and barrel cortex could also be explained by different timing of synaptic development in the two areas. In barrel cortex, the composition of NMDARs changes during the first two postnatal weeks, from largely NR2B-dominated receptors to receptors that include the NR2A subunit (Flint et al., 1997; Lu et al., 2001) . In contrast, in visual cortex, the change in NR2A/NR2B subunit ratio continues until ϳ4 weeks of age (Quinlan et al., 1999) . This may explain why visual deprivation alters NMDAR kinetics at P26 -P31 in visual cortex (Philpot et al., 2001 ), whereas whisker deprivation at similar ages has no effect on NMDAR kinetics in barrel cortex (Hardingham et al., 2008) . In conclusion, our findings emphasize the need to take developmental changes in synaptic properties into account to distinguish between modulation of experience-dependent development and activity-dependent changes to synapses.
Functional significance of delayed presynaptic maturation
The difference in STP between synapses in barrel and visual cortex at P28 will profoundly affect processing of sensory inputs in the two areas (Abbott and Regehr, 2004) . At this age, strong depression in visual cortex will favor the detection of stimulus onsets, whereas facilitation in barrel cortex enables synapses to transmit a rate code (Markram et al., 1998b) . However, the delay in presynaptic development is unlikely to be due to fundamental differences in information processing between sensory cortices, because STP converges to a very similar pattern at adult L4 to L2/3 synapses in barrel and visual cortex. The timing of presynaptic maturation does, however, coincide with the end of developmental critical periods in barrel, visual, and auditory cortices ( Fig. 1) (Oswald and Reyes, 2008) . In visual cortex, critical period timing is controlled by the maturation of inhibition (Hensch, 2005) and recent evidence suggests that inhibitory changes could play a similarly important role in barrel cortex (Nowicka et al., 2009) . We suggest that during early postnatal development, when inhibition is weak, strong depression of excitatory synapses is necessary as a control mechanism to prevent positive feedback excitation. Maturation of inhibition alleviates this requirement for strong depression, freeing excitatory synapses to adopt a wider range of coding strategies (Tsodyks and Markram, 1997; Abbott and Regehr, 2004) .
